interface takes place. The influences of gravity force, the gas flow rate, and heating intensity on the evaporation rate and gas-liquid interface deformations have been investigated numerically using the developed model. It is shown that evaporation is governed substantially by the gravity and the relation is strongly nonlinear, which could be explained by smoothing of deformations at the gas-liquid interface with gravity changing. The qualitatively different effect of gas velocity on the evaporation rate has been found, depending on the thermal boundary condition on the heated substrate.
INTRODUCTION
Gas-liquid systems with deformable free interfaces moving in microchannels with heat and mass transfer are widely encountered in practice and nature. Cooling of microelectronic equipment (Bar-Cohen et al., 1995 , thermal management systems for space applications (Celata et al., 2008) , and microfluidic devices (Squires and Quake, 2005) are just some examples. Because of such widespread applications, liquid film flow with evaporation has gotten considerable attention.
Heat and mass transfer over a vertical falling film was examined numerically and experimentally by Chandra and Savery (1974) where measured temperature and concentration distributions along the gas-liquid interface were used to specify the inhomogeneous boundary conditions required for solving the energy and diffusion equations. Linear stability of liquid film with interfacial phase change was investigated by Spindler (1981) ; the effect of thickness variation caused by the phase change was taken into account. Heat and mass transfer in the air stream, with negligible effects of liquid film, were considered in Schroppel and Thiele (1983) and Chow and Chung (1983) . The effect of finite liquid film on laminar convective heat and mass transfer in a vertical channel, including the transport processes in the gas flow and liquid film was investigated by Yan (1992 Reynolds number (ρQ/µ) 1 modified velocity components initial film thickness, etc., on the evaporation process along the gas-liquid interface along an inclined heated plate was investigated in Yan and Soong (1995) . To model the detailed transport processes special attention was given to the phase equilibrium and gas-liquid interface matching conditions. More recently, the assumption that vapor is passive in a vapor-liquid system with evaporation was questioned by Ozen and Narayanan (2004) . The problem of locally heated liquid film sheared by gas in a channel was studied by Gatapova and Kabov (2008) . A one-dimensional one-sided model was developed to examine the problem of heat and mass transfer. Nonlinear dynamics of a vapor-liquid system with an evaporating interface was studied by Kanatani and Oron (2011) . In Tiwari and Davis (2011) the dynamics and stability of a thin, viscous film of volatile liquid flowing under the influence of gravity over a nonuniformly heated substrate has been investigated using lubrication theory. Attention is focused on the regime in which evaporation balances the flow due to gravity. In Liu and Kabov (2012) the problem of a two-layer system consisting of a horizontal liquid layer in contact with its own vapor is considered. Effects of buoyancy, thermocapillarity, evaporation, and the dynamics of the vapor phase are taken into account. The results show that both the evaporation and the interfacial shear play important roles in the stability of the system. Modeling of the convective fluid flow with evaporation in the two-layer system has been done in Goncharova et al. (2013) . In Kabova et al. (2014) a joint problem in the gas and liquid phases has been solved to thoroughly understand the influence of the gas phase on film pattern; heat and mass transfer, effects of evaporation, and condensation have been taken into account as well. Motion of evaporated liquid film is widely studied experimentally as well. Rosskamp et al. (1998) conducted experimental research of evaporating liquid wall films driven by shear force in hot turbulent air flow. The dynamics of a wave film under intensive evaporation was investigated by Pavlenko et al. (2001) . The dynamics and evaporation of a thin shear-driven liquid film in a microgap channel was studied experimentally by Kabov et al. (2007 Kabov et al. ( , 2011 . In Houshmand and Peles (2013) experimental data combined with a heat transfer analysis were used to infer the mechanisms controlling the heat transfer process in a liquid water film in a microchannel
In the present paper, we investigate the dynamics and heat transfer of evaporating locally heated thin liquid film driven by the action of the gas flow in a microgap at different gravity levels. A two-sided three-dimensional mathematical model is used. For a deformable gas-liquid interface convection heat transfer in the liquid and the gas phases as well as temperature dependence of surface tension and liquid viscosity are taken into account. One of the main goals of the present work is to supplement the experimental research. Because for the real cooling systems the low gas Reynolds number value means low power inputs are needed for the cooling. One can assume that real cooling systems may also work at gas Reynolds numbers of about 100. Experimental investigations in this range of Reynolds number values are performed but there are still not enough data due to the high complexity of such experiments.
PROBLEM FORMULATION
We consider a system of a thin film of incompressible viscous liquid in contact with a gas moving in a flat microgap of given height H C , Fig. 1 . On the bottom wall of the channel a local heater is located and the heater's upper edge is located at the origin of the coordinate system. The system is assumed to be unbounded in the streamwise (x) and spanwise (y) directions. The acceleration of gravity is opposite to the z direction. The free interface is assumed to be immiscible and deformable. The motions of the liquid film and gas are governed by the Navier-Stokes, continuity, and energy equations in liquid (1)-(3) and gas (4)-(6) phases, and diffusion equation (7) in the gas phase. 
The components W ij and W gij (i, j = 1, 2, 3; W ij = W ji , W gij = W gji ) of rate of strain tensors W and W g are defined as follows:
We assume that the upper wall is adiabatic and impermeable:
and at the bottom wall, the no-slip condition and thermal boundary condition are satisfied:
The initial parameters such as initial film thickness, tangential stresses, the pressure drop, and velocity fields in the liquid and gas phases were found as the exact solution of the problem of isothermal laminar co-current flow in the channel with straight streamlines; for more details see the Appendix. At the initial time moment conditions (10) are assumed to be valid.
Here the value of the initial vapor concentration C 0 should be prescribed. At the free gas-liquid interface the condition of continuity of the tangential component of the velocity vector (no-slip condition of two viscous media) is
The mass conservation for the liquid media and mutual mass conservation conditions are
The dynamic condition with the term expressing the mechanical effect of the evaporated matter on the liquid is
Here
The thermal boundary condition, taking into account the energy spending on the phase transition, is
is the surface gradient. In addition, conditions of local thermodynamic equilibrium (15) are posed.
T g on the gas-liquid interface is unknown and should be determined in the process of solving a problem.
The following dependences on temperature for the concentration, surface tension, and dynamic viscosity are assumed:
are constants, and T 0 is the constant temperature at the initial time moment.
DIMENSIONLESS EQUATIONS AND PARAMETERS
Let us perform the change of variables in the liquid and gas phase as follows:
where ω = H C /H 0 . Then the governing equations with boundary conditions could be rewritten in the layer ξ ∈ (0, 1), η ∈ (1, ω), -∞ < x, y < ∞. The continuity equations in liquid and in gas retain their form in new variables but the kinematic condition at the free interface simplifies. Below only variable ξ is used so, that at ξ > 1 it is identified with variable η. In order to nondimensionalize the governing equations with boundary conditions, let us define scales for the liquid velocity and longitudinal length as follows:
For the case of prescribed heat flux on the heater the temperature scale is defined as
For the case of prescribed temperature at the heater the temperature scale is defined as
Here Q 0 /S 0 is the average heat flux at the heater, S 0 the heating area.
GOVERNING EQUATIONS
We employ the lubrication theory, so we assume that the characteristic film thickness and the characteristic film thickness variation are much smaller than the characteristic length scale of the film in streamwise and spanwise directions ε = H 0 /l ≪ 1. The problem is reduced to a solution of five governing equations: for the film thickness (21), gas pressure (22), temperature distribution in liquid (24) and gas (25), and vapor concentration in gas phase (26):
Here functions ϕ, γ, δ, ϕ g , γ g , δ g , U i , U gi are specified in the following form:
where
Both convective and conductive terms in the energy equations are taken into account.
The following dimensionless criteria of similarity and coefficients k 1 , k 2 , and k 3 are used:
Dimensionless numbers A and C determine the values of the hydrostatical longitudinal and transverse components of the pressure gradient; the Marangoni number Ma specifies the thermocapillary forces on the surface of the nonuniformly heated liquid film. Evaporation number L characterizes the thermal loss at evaporation, number R characterizes mass loss at evaporation, and number E represents the action of the longitudinal pressure gradient. D and D g numbers characterize the ratios of conductive and convective heat fluxes in liquid and gas phases. S g is a modified Schmidt number.
Components of the velocities in liquid and gas could be calculated from the explicit formulas.
For the governing equations (24), (25), (26) and (21), (22) the additional boundary conditions should be posed. Let us assume that far from the heating area at y → ±∞, x → −∞ all disturbances decay and the film surface becomes even. At x → +∞ motion remains unknown, but all changes are slow so "soft" boundary conditions could be posed. Therefore the additional boundary conditions could be expressed as follows:
NUMERICAL METHOD
Material constants in all calculations correspond to water and nitrogen, and the inclination angle is equal to 0 • (Kikoin, 1976; Nikolskii, 1966) . All material constants are listed in Table 1 .
The heat flux in the vicinity of the heater edges has smoothed using sine-type heat flux distribution. The smoothing has been performed to avoid temperature jumps when posing the boundary conditions, bearing in mind the fact that in experiments the heating intensity on the edges is always smoothed.
Numerical solution of the problem is implemented by the finite difference method using the grid approximation. The solution of the problem in the unlimited x, y area is changed by solution in the field −x 1 < x < x 2 , −y 1 < y < y 2 , 0 < ξ < ω. In that case the initial conditions and conditions of the heat balance remain in their form. It is assumed that the heater front edge on the substrate is located in the origin of the coordinates, and the values of x 1 , x 2 , y 1 , y 2 are large enough so that at the borders of the computational domain, x = −x 1 , y = −y 1 , y = y 2 , all disturbances decay; see (28). A flow chart of the numerical algorithm is as follows: on the first time layer the values of each grid function are known from the initial conditions. Then on each time step the calculation of the temperature is carried out. After calculation of the concentration and film thickness the calculation of the gas pressure is carried out. The alternating directions implicit (ADI) method is used to solve the system of grid equations with boundary conditions. To solve the problem on each frictional grid step the Thomas algorithm is used (Samarskii, 1971; Douglas, 1962; Peaceman and Rachford, 1955) . For more details on the model, numerical algorithm and testing please refer to Kabova et al. (2014) .
RESULTS AND DISCUSSION
Calculations have been performed for the constant channel height H C = 250 µm. The channel has been supposed to be horizontal. The heater size is constant in all calculations and is equal to 1 × 1 cm 2 (length × width). The fluid is water and the gas is nitrogen. Gas is moving in the x-direction and the middle of the heater upper edge is located 
at the origin of the coordinate system. The initial temperature is equal to 20
• C, and the initial concentration of vapor in the gas ρ g C 0 = 0.016931 kg/m 3 corresponds to the partial pressure that corresponds to the saturation temperature equal to 20
• C. Calculations of the total amount of matter evaporated from the gas-liquid interface, J total , and the amount of matter evaporated from the heating area, J heater , have been performed using the following formulas:
dxdy,
Here Λ is the all area of calculations, and Ω is the heating area. Here J is a nondimensional evaporation rate, which is proportional by physical meaning to the value (C 0 Dρ g l 2 )/H 0 kg/s.
Evaporation
Calculations show that the gravity level has an important effect on the film evaporation. Figure 2 shows the amount of matter evaporated from the whole area of calculations and from the heating area versus time at two different values of heating intensity at zero gravity condition. Figure 3 shows the total amount of matter evaporated from the gas-liquid interface versus time at different gravity levels. One can see that evaporation is governed substantially by the heating intensity at any gravity level and relation is strongly nonlinear. Mainly evaporation takes place in the vicinity of the heater; for heat flux equal to 0.05 W/cm 2 the difference between J total and J heater is about 7% and for q = 1 W/cm 2 the difference is getting lower and is equal to about 2%; see Fig. 2 . Decreasing of gas velocity leads to increasing intensity of evaporation; see Fig. 3 . Increasing the gravity level considerably, up to 40%, decreases intensity of evaporation; see Fig. 4 . With increase of the gravity level the height of the liquid bump decreases significantly. At zero gravity the ratio of the maximum film thickness in the bump and initial film thickness is equal to 1.33 and for the normal gravity conditions this ratio is equal to 1.32. At hypergravity for 10g and 20g the parameter H max /H 0 is equal to 1.27 and 1.121, respectively. The minimum film thickness takes place near the end of the heater. At zero gravity the ratio of the minimum film thickness located near the end of the heater and initial film thickness is equal to 0.169 and for the normal gravity conditions this ratio is equal to 0.175. At hypergravity for 10g and 20g the parameter H max /H 0 is equal to 0.194 and 0.34, respectively. As one can see, stabilization of evaporation at constant Re g almost does not depend on the gravity level and takes place, for example, when Re g = 20, in 45-55 s. The time needed for stabilization of evaporation depends significantly on the gas Reynolds number; see Fig. 3 . For example, between Re g = 5 and Re g = 20 it decreased by 30 s. One can see that decrease of gas velocity leads to increasing intensity of evaporation. That is rather unusual so the reason will be discussed later.
After the heater the gas-liquid interface cooldown due to evaporation and the film temperature considerably decreases; see Fig. 5 . This fact has an important effect on the interface deformations and film breakdown. Notably high
FIG. 4:
Total amount of matter evaporated from the gas-liquid interface, J total versus time at different gravity levels, q = 0.5 W/cm 2 , Re = 2, Re g = 20, H 0 = 59.58 µm; here g = 9.81 m/s 2 .
FIG. 5:
Dimensionless temperature distribution at the gas-liquid interface. Dimensionless size of the heater: (0.10299E+02 × 0.10299E+02), q = 0.05 W/cm 2 , Re = 2, Re g = 18, H 0 = 61.7 µm, 0g.
temperature gradient directed opposite to the gas flow causes an important Marangoni effect in the vicinity of the tail part of the local heating area. This thermocapillary flow directed co-current to the gas flow and thereby provoked considerable film thinning; see Fig. 6 .
Thermocapillary Deformations and Temperature Distribution
Maximum deformations of the gas-liquid interface take place for the case of zero and normal gravity. It could be seen that values of maximum and minimum film thicknesses are governed substantially by the gravity and the relation is strongly nonlinear. At hypergravity conditions the deformations become smooth and less significant; these could be the main reason for significant decreasing of evaporation intensity at hypergravity (see Fig. 4 ). Figure 6 shows 3D thermocapillary deformations of gas-liquid interface (view from above) for three different gravity values. It is seen that gravity significantly affects the film pattern. Two lateral waves with the length of deformation much longer than the heater length are formed near the lateral sides of the heater; for high gravity these deformations become less significant and are spread in spanwise directions. The middle stream between the two main lateral waves appears on the heater due to the capillary force; for the case of hypergravity it disappears on the distance approximately equal to the heater length; see Fig. 6 . These results are in good agreement with numerical results obtained in Kabova et al. (2009) where the gravity effect on thermocapillary deformations in a film flowing under the action of co-current gas flow in a horizontal minichannel has been investigated for the case of no evaporation taken into account. It was shown that decreasing the gravity level leads to a flow destabilization; particularly, a middle stream between two main lateral waves exists at the low gravity conditions. Figures 6 and 7 show that film thickness achieves a minimum value near the sides of the heater. With decreasing of gravity level, deformations become much higher, up to 20%, and the maximum is achieved at 0g level. For normal and microgravity conditions the film pattern destabilizes and the second-order deformations appear outside of the main lateral waves; see Fig. 7 . From Figs. 7 and 8 one can see that even at quite low heating intensities transversal deformations in the heating area become significant (Fig. 7) and longitudinal deformation (Fig. 8 ) of the gas-liquid interface could be much smaller in comparison with them. The longitudinal deformations depend significantly on the value of the gas Reynolds number. For example, for the minimum film thickness, at 0g or 1g transversal deformations could come up to 40% from the initial film thickness (Fig. 7) when longitudinal deformations could not be higher than 10−20% from the initial film thickness for low gas velocities (here Re g = 20). As is shown, increasing the gas Reynolds number leads to decreasing of the film deformations. It should be noted that for falling films longitudinal and transversal deformations caused by thermocapillary forces acting in longitudinal and transversal directions are of the same order (Frank and Kabov, 2006) . Figure 9 shows dimensionless temperature and gas-liquid interface profiles along the channel on the axis of symmetry at y = 0 for different gravity levels. All other parameters have been kept constant. There are three mechanisms of thermal transport: forced convection, thermal conduction, and diffusion of the hot vapor in the gas phase. Due to the effect of thermal conductivity in the liquid, the thermal disturbances move significantly upward of the heater for all values of gravity. Because of intensive diffusion and thermal conductivity, the thermal boundary layer touches the upper wall almost at the beginning of the heater; see also Kabova et al. (2014) . The position of the maximum of temperature is located near the lower boundary of the heater, then temperature stabilizes across the channel on a certain distance after the heater. For hypergravity the stabilization distance is longer. 
Effect of the Gas Speed
From Figs. 10 and 11 one can see that for evaporation into the saturated gas, increasing the gas speed decreases the evaporation rate at any gravity level. This fact could be explained as follows: heat is needed for evaporation, but in the case of intensive forced convection, heat is transported to the gas phase; as a result gas gets hot, but there is not enough heat for evaporation. This supposition could be confirmed by the fact that the situation changes to the complete opposite, if the same calculations are done for the case of constant temperature given at the heater surface; see Fig. 12 . At relatively high gas speed an important part of the heat released on the heating element is transferred to the gas phase by convection which significantly affects the evaporation process as well. It is important that the initial film thickness H 0 decreases significantly with an increase of Re g ; this leads to decreasing of the liquid layer resistance and more heat comes to the liquid flow from the heater; see Fig. 12 . One can see that film thickness decreases almost twice when the gas Reynolds number increases from 10 to 100.
FIG. 12:
Total amount of matter evaporated from the gas-liquid interface J total , at different values of gas Reynolds number Re g . Temperature at the heater surface T = 25 • C, Re = 7.5, 20g.
For the case of a given heat flux on the heater at the increasing of Re g from 10 to 50 J total changes up to 60% but for the case of a given temperature for the same changes of the Re g changes in J total will be about 10%; see Figs. 10, 12. At Re g = 100 the stabilization time of the evaporation process increases up to 60-65 s; see Fig. 12 . Comparison of Figs. 11 and 12 shows that thermal boundary conditions at the wall, q = constant or T w = constant, do not significantly affect the stabilization time of the evaporation process. Gravity dumps the deformations on the gas-liquid interface, so the maximum intensity of evaporation takes place at zero gravity and the minimum evaporation rate is found at higher gravity, 20g.
CONCLUSIONS
Dynamics and heat transfer of evaporating locally heated thin liquid film driven by the action of the gas flow in a horizontal microgap at different gravity levels have been investigated numerically. A two-sided three-dimensional mathematical model developed in Kabova et al. (2014) has been used. For a deformable gas-liquid interface, convection heat transfer in the liquid and the gas phases as well as temperature dependence of surface tension and liquid viscosity have been taken into account. In the present paper, the influences of gravity force, the gas flow rate, heating intensity, and thermal boundary condition at the wall on the evaporation rate and gas-liquid interface deformations have been investigated for water and nitrogen; channel height and heater size have been assumed to be equal to 250 µm and 1 × 1 cm 2 (length × width), correspondingly. It is assumed that gravity force acts perpendicularly to the flow. In calculations the gravity level has been changed from zero gravity to hypergravity when acceleration of gravity is assumed to be up to 20 times bigger than normal Earth acceleration of gravity.
Numerically it is found that gravity significantly affects the film pattern and deformations and the effect is strongly nonlinear. Even at quite low heating intensities transversal deformations in the heating area become significant and longitudinal deformations of the gas-liquid interface could be much smaller in comparison with them. The longitudinal deformations depend significantly from the value of the gas Reynolds number. The qualitatively different effect of gas velocity on the evaporation rate is found, depending on the thermal boundary conditions on the wall, notably a given heat flux or a given temperature on the heater. For the case of a given heat intensity at the heater, increasing Re g leads to decreasing the total amount of matter evaporated from the gas-liquid interface and for the case of a given constant temperature at the heater, increasing Re g leads to an increase of the total amount of matter evaporated from the gasliquid interface. Evaporation is governed substantially by the heating intensity at any gravity level and the relation is strongly nonlinear. Mainly evaporation takes place in the vicinity of the heater.
Investigations performed in the paper could be used in developing new cooling systems for microelectronics based on evaporation, and for the basic understanding of the physics of liquids under microgravity and variable gravity conditions.
